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We presented a random dot pattern that moved horizontally for 1.6 s within a stationary invisible aperture. The dots were periodically
visible for 50 ms (visible phase) with lengths of the real motion 0–1.34 deg; for the next 50 ms their luminance was zero (invisible phase).
The pattern was seen to translate in the direction of the vector sum of the displacements in the two phases, when the displacement in the
invisible phase was shorter than an upper limit. When the motions in both phases were in the same direction, the upper limit decreased
with increasing length of real motion. When the motions in both phases were in opposite directions, the upper limit increased with
increasing length of real motion. We suggest that during the visible phase ‘motion streaks’ occur at an early level of the motion processing
[Geisler, W. S. (1999). Motion streaks provide a spatial code for motion direction. Nature, 400, 65–69]. The pattern is seen in short-range
apparent motion when the displacement of the streaks, rather than of the dots, is below an upper limit. The data show that this limit
remains nearly the same, about 1.5 deg, irrespective of the length and direction of the real motion in the visible phase.
 2007 Elsevier Ltd. All rights reserved.
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‘‘Global motion’’ is the perceived direction of a dynamic
visual input when that direction is the result of the combi-
nation of individual motion signals within the stimulus
(Cropper, 2000). The individual local motion vectors may
remain visible, but yet a single overall global direction of
the pattern may be also visible. It seems that the disparate
local motion signals are integrated to extract the overall
direction.
Abundant convincing evidence suggests that motion
vectors that are local in space or in time can be integrated
to yield a global percept (Braddick, 1997; Fredericksen,
Verstraten, & van de Grind, 1994; Smith, Snowden, & Mil-
ne, 1994; Watamaniuk & Duchon, 1992; Williams & Sekul-
er, 1984). The investigations have been basically carried out0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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being displaced by certain spatial steps (Casco & Morgan,
1987; Fredericksen, Verstraten, & van de Grind, 1993; Wil-
liams & Sekuler, 1984), or in ‘‘real’’ motion (Atchley &
Andersen, 1995; De Bruyn, 1995; Hiris & Blake, 1995; Zoh-
ary, Scase, & Braddick, 1996). The global perception of a
compound of real and apparent motion is not systemati-
cally studied. To our knowledge, only Gregory and Harris
(1984) have studied a case in which real and apparent
motion were simultaneously presented.
A variety of compounds of real and apparent motion
can be observed in everyday life. Real and apparent motion
occurs in combination when a visual object or texture is
continuously moving, but is occluded for certain periods
by all kinds of things, e.g., branches, grids, picket fences
etc. A compound of real and apparent motion may be also
observed when continuous motion is viewed during fast
blinking or, for another example, through the propellers
of a rotating ventilator. Here we present a study in which
real and apparent motion are alternated in time.
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ing en masse in horizontal direction. The pattern is
observed with steady ﬁxation and through a stationary
invisible aperture. The luminance of all dots is periodically
set to zero, i.e. the dots are ﬂickering while moving. The
real motion (R), i.e. the displacement of the pattern during
the phases in which the dots are visible, and the apparent
motion (A), i.e. the displacement of the pattern in the invis-
ible phases of the stimulus, can be manipulated. R and A
are vectors; their absolute values, in units of length, are
correspondingly labeled R and A. Here it is meaningful
to deﬁne the term ‘‘physical global direction’’ of the pat-
tern. It is given by the direction of the vector sum R + A.
It is well known that for R = 0 and for moderate values
of A, the observer perceives a global motion of the pattern
in the direction of A. With low lengths A the visual system
is able to establish that the same dot has been displaced
from a given position to a next one. Putative low-level neu-
ronal mechanisms, motion detectors, may be activated to
provide a signal for motion in the direction of A. This is
known as the ‘‘short-range’’ process of apparent motion
perception (Braddick, 1974, 1980). When A exceeds a crit-
ical value, Amax, or an upper spatial limit, no correspon-
dence between successive positions of the pattern can be
established. Consequently, no directed and coherent global
motion can be perceived. The upper spatial limit is usually
labeled Dmax in the literature, but in this text we shall fur-
ther use the symbol Amax for designating the upper critical
length of the pattern displacement in the invisible phase of
the motion.
To our knowledge, the case of R5 0 has never been
investigated. But it seems simple to predict the perception
of global motion of this compound stimulus. There is a
consensus in the literature that for displacements A < Amax,
identical neuronal mechanisms may register the speed and
direction of the real and apparent motion. Therefore, the
signals from these detectors may be integrated in time, thus
resulting in a percept that corresponds to the direction of
the vector sum R + A. When A > Amax the displacement
in the invisible phase might not be registered any more
by the visual system. Correspondingly, the observer should
not see apparent motion in the invisible phase. Global
motion, possibly mixed with incoherent noise, should be
perceived on the basis of the visual information provided
only by the real motion vector R.
The vectors R and A of a compound stimulus can be
combined in various ways; they can be either in the same
or in opposite directions, R can be longer than A and vice
versa. Not so simple is it to predict whether the direction of
R and its length R aﬀect the upper limit Amaxof the short-
range process. But since so far neither a theory nor exper-
imental data are available that would suggest the presence
of such eﬀects, we assume that Amax is, at least approxi-
mately, constant when these parameters of the stimulation
are manipulated. In brief, our ‘‘null hypothesis’’ is that (i)
for A < Amax, motion information about R and A is inte-
grated in time yielding a global motion percept in the direc-tion of R + A, and (ii) the critical upper limit Amax does not
depend on the length of R and on its direction relative to A.
In Experiments 1, 2, and 3 we concentrated our eﬀorts on
testing this null hypothesis.
2. Methods
The subject sat in front of a white, 0.6 cd/m2 uniformly
illuminated screen at a viewing distance of 30 cm and ﬁx-
ated binocularly a ﬁxation point positioned straight ahead
on the screen. A random dot pattern was presented within
a stationary invisible rectangular aperture 2 cm high and
20 cm wide (3.8 deg · 36.9 deg). The ﬁxation point was
placed 2 cm below the lower border of the middle of the
aperture. Preliminary observations showed that with this
peripheral presentation the subjects were able to avoid
any undesirable pursuing of the dot pattern. The dot pat-
tern was rear-projected onto the screen by means of an
oscilloscope (self-construction) and a sieve. The sieve con-
sisted of a sheet of black paper punched with randomly dis-
tributed holes. The oscilloscope was placed behind the
screen; the sieve was placed between the oscilloscope and
the screen. The brightness of the oscilloscope was set to
maximum. The holes of the sieve rear-projected a multiple
image of the electronic beam; in this way a large (59 cm
wide and 31 cm high) random dot pattern appeared on
the rear of the screen. The subject could see only that part
of the pattern that was within the aperture. About 55 dots
on average were seen within the aperture; i.e. the dot den-
sity was about 0.38 dots/deg2. Each dot was 3 mm in diam-
eter and 2 cd/m2in luminance. Thus the Michelson-contrast
of the pattern was 0.54. When the electron beam moved,
the dot pattern also moved across the aperture. The volt-
ages from two 16-bit D/A converters, controlled by a PC,
were fed to the X- and Y-inputs of the oscilloscope. The
horizontal displacements R and A of the pattern were
generated by controlling the X-input. The voltage at the
Y-input was constant within a single trial, but it was ran-
domly varied from trial to trial. In this way in each subse-
quent trial a diﬀerent part of the whole dot pattern was
shown within the stationary aperture. By an additional
D/A converter the luminance of the electron beam was
controlled; it was set to zero during the displacement A.
In the present experiments the motion of the pattern across
1 deg on the screen was sampled by 1500 steps; each new
position of the beam was calculated every 0.1 ms. This pro-
jection method provides a linear relationship between the
voltage, determined by the software, and the position of
the dot pattern on the screen (see Mateeﬀ, Dimitrov, &
Hohnsbein, 1995 for mathematical details).
The durations of each of the stimulation phases, visible
and invisible, were 50 ms. This duration was chosen on the
following basis. We used real displacements R = 3, 5, and
7 mm, i.e. of 0.57, 0.96, and 1.34 deg. In preliminary exper-
iments we presented them with invisible displacements A of
the same length, but in the opposite direction. Under these
conditions the dots were seen to oscillate. Duration of
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direction of R with 100% accuracy. On the other hand,
the short-range process might not be suﬃciently eﬃcient
with periods longer than 100 ms (Braddick, 1980; Todd
& Norman, 1995). Therefore, the 100 ms period of a single
R and A cycle was a compromise; it provided a suﬃciently
long duration, needed for a good visibility of the real
motion R, and on the other hand a suﬃciently short dura-
tion of the invisible displacement A needed for an eﬃcient
short-range process. The total presentation time in all
experiments below was 16 periods, i.e. 1.6 s.
3. Experiment 1
In this experiment we measured the upper limit Amax as
a function of R for the case when the vectors R and A are in
the same direction. The range of R between 0 and 1.34 deg
was examined.
Pilot observations showed that with shorter lengths of A
smooth global translations of the pattern are experienced.
The increase in A above a critical value results in a distur-
bance of the smoothness of the translations; they are over-
layed with strong noise of incoherent jumps of the dots.
However, for R5 0 the physical global direction can be
still identiﬁed on the basis of the direction of R. The per-
cept is similar to the one that arises from displays with
the commonly used random dot patterns with limited life-
times of the dots. In fact, the lifetime of the dots in our
compound stimulus is limited to 50 ms, but the dots are
not randomly repositioned.
To establish the critical length Amax, above which no
short-range apparent motion can be perceived in the invis-
ible phase, we measured the observer’s ability to discrimi-
nate between the speeds of two physical global motions
in pairs.
3.1. Stimuli and procedure
A two-interval forced choice was used in the experiment.
In each trial a pair of motions was presented to the subject.
One of them was the ‘‘standard’’ compound stimulus, with
a total displacement of Vst = R + A per 100 ms. The other
one was the ‘‘variable’’ stimulus, with a total displacement
of Vvar = (R + A) + DA per 100 ms. Here the lengths R and
A are the same in the two stimuli of the pair; the higher glo-
bal speed of the variable stimulus is achieved by the incre-
ment DA of the displacement during the invisible phase.
A sequence of 60 trials was presented with a ﬁxed com-
bination of R and A. The standard and variable stimuli
were presented in a random order within a trial. The task
of the subject was to report whether the ﬁrst or the second
motion was globally faster. No feedback was provided. The
value of DA was increased by one step after an incorrect
response and decreased by one step after three correct
responses (transformed up-and-down, or TUD-staircase,
Levitt, 1979). With 60 presentations about 10 to 12 rever-
sals of the staircase were obtained.The rationale of this method was the following. If
A < Amax, a short-range apparent motion should be per-
ceived in the invisible phase. Discrimination between the
global speeds of the standard and the variable stimuli
would be possible, and some ﬁnite increment threshold
DA should be obtained by the TUD-staircase. With
A > Amax, apparent motion should not be seen. With
R = 0 the dots should move incoherently; with R5 0
information about the global speeds can be provided only
by the real displacements R, which are the same in the
two motions of the trial. Therefore, for A > Amax the sub-
ject would press the buttons randomly and no ﬁnite thresh-
old DA would be obtained. When the TUD-staircase
reached an increment, equivalent to DA/(R + A) = 0.8 (or
to Weber fraction of (Vvar  Vst)/Vst = 0.8), the measure-
ment was aborted and the threshold was considered as
‘‘inﬁnite’’. Sometimes it happened that A was below the
critical length Amax, but during a sequence of trials
A + DA became longer than Amax. In such cases the sub-
jects could rely only on the speed of the real motion in
the variable stimulus (R/100 ms), which was in fact lower
than the global speed of the standard, (R + A)/100 ms.
Under these circumstances they reported incorrectly that
the standard moved faster than the variable. Such reports
lead rapidly to an ‘‘inﬁnite’’ increment threshold before
the 60th presentation.
Finally, Amax was estimated in the following way. With
ﬁxed lengths of R, we constructed several standard stimuli
with equidistantly diﬀerent lengths A. Increment thresholds
were measured with each of these standards. The critical
length Amax was estimated as the midpoint between the lon-
gest value of A eliciting a ﬁnite increment threshold and the
shortest value of A eliciting an inﬁnite threshold.
Four lengths R of the real motion were examined: 0,
0.57, 0.96, and 1.34 deg. For R = 0 deg, standard com-
pound stimuli were constructed with lengths A between
0.76 and 2.1 deg with steps of 0.19 deg (1 mm). For
R5 0 standard stimuli were constructed with A between
0 and 1.3 deg with steps of 0.19 deg. For a given R the stan-
dard stimuli with diﬀerent A were tested in random order.
The directions of the stimulus trials were alternated to
avoid adaptation and aftereﬀects.
A control condition with pairs of smooth real motions
and a standard speed of 21 deg/sec was also carried out
with each subject and with the same procedure.
Eight subjects, four female and four male, with normal
and corrected to normal vision participated in this
experiment.
3.2. Results and discussion
As expected, for short values of A ﬁnite increment
thresholds were obtained. In these cases the Weber frac-
tions varied between 8% and 14%. With displacements A
above a critical length Amax the Weber fraction rose above
0.8, i.e. discrimination was impossible. The mean estimates
of Amax for R = 0, 0.57, 0.96, and 1.34 deg are correspond-
Table 1
The combinations of lengths of real motion R and lengths of the
displacements A in the invisible phases used in Experiment 2 (labeled by
‘‘X’’)
Length of the
invisible phase (deg)
Length of the visible phase (deg)
0 0.57 0.96 1.34
0.19 X X X
0.38
0.57 X X
0.76 X
0.96 X X X
1.15 X X
1.34 X X X
1.53 X X X
1.72 X X X X
1.91 X X X X
2.10 X X X X
2.29 X X X X
2.48 X X X
2.67 X X X
2.87 X X
3.06 X
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strong decrease of Amax with increasing R was obtained
with all subjects (F = 76.5; df = 3, 21; p < .0001).
An increase in A leads to an increase of the overall phys-
ical speed of the motion. The inability of the subjects to
perform the task with large values of A might be attributed
to some sharp increase in the increment threshold for
higher speeds, even when the pattern moves in continuous
real motion. However, in the control condition ﬁnite
thresholds were obtained for all subjects (9% on average).
For example, for the standard stimulus with R = 1.3 deg
and A = 0.76 deg (i.e. global speed Vst = 20.6 deg/s) the
thresholds for all subjects were inﬁnite. But in the control
condition ﬁnite increment thresholds were obtained for
Vst = 21 deg/sec. Therefore, the inability to discriminate
when A > Amax may be due to the inability to see apparent
motion in the invisible phase rather than to the too high
global speed of motion. This result is in accordance with
the ‘‘null hypothesis’’ in the Introduction. However, at this
point the strong decrease of Amax with increasing R
remains an unclear ﬁnding.
4. Experiment 2
This experiment was aimed at studying the global per-
ception of the compound motion in the case when the
vectors R and A are in opposite directions. The physical
global direction is given by the direction of the sum
R + A. Hence, if A < R the dots are physically moving
in the direction of R; if A > R the physical motion is in
the direction of A. According to our ‘‘null hypothesis’’
in the Introduction, for A < Amax the dots should be
always perceived to move in the direction of R + A. With
A > Amax, no apparent motion in the invisible phase
should appear; the observer should see either incoherent
motion of the dots or motion in the direction of R only.
Moreover, our preliminary observations showed that
within a certain range of values of R and A, a percept
of two simultaneous motions in opposite directions
appears. In Experiment 2 we examined the conditions that
lead to all these percepts and made an attempt to estimate
the length of the upper critical displacement Amax as a
function of the length R.
4.1. Stimuli and procedure
The same four lengths R, as in Experiment 1, namely 0,
0.57, 0.96 and 1.34 deg were used. The lengths A used with
each R are given in Table 1. In this way a total of 42 com-
pound stimuli were constructed. In six of them A was
shorter than R; in the other 36 stimuli A was larger than
R. In each trial a single compound stimulus was presented.
Each combination of R and A was presented in four trials
within a single block of 168 randomized trials. Experimen-
tal sessions with eight blocks were carried out in 2 days,
providing a total of 32 presentations of each combination
of R and A.The subjects were instructed to report their percept of
the translation of the dot pattern by pushing one of four
buttons signifying: ‘‘motion to the right’’, ‘‘to the left’’,
‘‘to the right and to the left’’ and ‘‘neither to the right
nor to the left’’. The last, neutral, response did not mean
that the dots were perceived not to move at all; they may
have appeared to move incoherently, but without a transla-
tion of the pattern as a whole.
The physical global direction, R + A, was alternated in
successive trials to avoid aftereﬀects. The two responses ‘‘
to the right’’ and ‘‘to the left’’ were decoded and labeled
as ‘‘veridical’’ and ‘‘anti-veridical’’, depending on whether
or not they corresponded to the direction of the sum
R + A, i.e. the physical global direction.
Five subjects, four female and one male, participated in
this experiment.4.2. Results and discussion
For R = 0 and A less than about 1.2 deg the subjects
reported veridically the direction of physical global motion.
With increasing A above about 1.2 deg the percentage of
the neutral responses increased up to 100% (Fig. 1a and
d, ﬁlled circles) thus indicating an increasing lack of motion
coherence. Almost no two-motion and anti-veridical
responses were given for R = 0.
For R5 0 and A less than about 1.7–2 deg the veridical
responses dominated (Fig. 1a). The pattern was perceived
to move globally in the direction of the sum R + A regard-
less of whether A was shorter or somewhat longer than R.
With increasing values of A above 1.7–2 deg the percentage
of veridical responses decreased, but unlike the case of
R = 0, two-motion and anti-veridical responses (Fig. 1b
and c) occurred. The percentage of the neutral responses
Fig. 1. Results from Experiment 2. The percentages of responses in each
of the four categories (cf. ordinates of a–d) are plotted versus the length A
of the displacement in the invisible phase and for the four lengths R of the
real motion in the visible phase (cf. inset).
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R = 1.34 deg and A = 3.0 deg only 12% neutral responses
were given; in the other trials with this combination pre-
dominantly two-motion and anti-veridical responses were
given (Fig. 1d).
In brief, for R = 0 the increase of A above a critical
value progressively leads to a percept of incoherent motion
and, correspondingly, to the inability of reporting the glo-
bal direction. For R5 0 the increase of A above a critical
value results in a reversal of the perceived motion direction.
The pattern can be seen to move in the direction of R, i.e.
opposite to R + A. The reversal of the perceived direction
with increasing A is most salient for the longest real
motion, R = 1.34 deg. So far, these ﬁndings are in accor-
dance with the hypothesis that for A > Amax no apparent
motion should be perceived in the invisible phase of the
stimulation and that either incoherent motion or global
motion in the direction of the real motion R should be
reported.
The two-motion percept was an unexpected ﬁnding, but
it does not seem to contradict the hypothesis. When A is
within a range around Amax, a short-range apparent
motion may not appear within each sub-region of the stim-
ulus area and for each of the 16 cycles of stimulation. The
percept of global motion in direction of R + A may pro-
gressively lose its salience and may be simultaneously
mixed with the percept of motion in the direction of R.
With the further increase of A, apparent motion should
not be seen at all, only the percept in the direction of R
should remain and no two-motions percept should occur.
This explanation of the two-motion percept is supported
by the ﬁnding that its relative frequency can be nearly
described by inverted U-shaped functions of A (Fig. 1b).
A similar two-motion percept was reported by Gregory
and Harris (1984) in a study, in which the illuminations
of simultaneous real and apparent motions in opposite
directions are manipulated. The authors suggested that
the percept of opposite motions may appear when the
apparent displacements are above the upper limit of the
short-range motion (p. 730). The two-motion percept deﬁ-
nitely needs more investigation, but is not further examined
in this study.
A goal of this experiment was to provide an estimate of
the critical length Amax as a function of the length of the
real motion R. According to our null-hypothesis, Amax
should not be aﬀected by R. The data of Experiment 1
rejected this hypothesis. The inspection of the present data
also speaks against this hypothesis. It is seen, that the
length of R aﬀects the shape of the four curves in Fig. 1a
diﬀerentially: they are shifted to the right with increasing
length R. Moreover, with increasing values of R, the max-
ima of the curves in Fig. 1b are shifted to higher values of
A, similarly to the shifts of the curves in Fig. 1a.
To estimate Amax, we pooled the two-motion responses
and the veridical ones. The reason to do this is that
the response ‘‘two-opposite-motions’’ is, in a sense, not
Fig. 2. Results from Experiment 2. The percentage of the sum of the
veridical and the ‘‘two-motions’’ responses (pooled ‘‘veridical’’ responses
is plotted versus the length A of the displacement in the invisible phase
The average upper limit Amax for each R can be estimated as the 75% leve
of each curve.
Fig. 3. Data from Experiments 1, 2, and 3. The estimates of the upper
limit Amax (ordinate) are plotted versus the length R of the real motion
Filled symbols: R and A in the same direction (Experiment 1). Empty
symbols: R and A in opposite directions (Experiments 2 and 3). The inter
individual standard deviations are given by the bars.
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-anti-veridical. With these responses experiences of motion
in the physical direction are reported and they should be
taken into account in the estimation of Amax. The percent-
age of the pooled veridical responses is shown in Fig. 2.
From this ﬁgure it is possible to determine (by eye) the
abscissa value that corresponds to 75% pooled veridical
responses, and to take it as an estimate of Amax. Such
graphical estimates of Amax were performed for each R
and each subject separately. The averaged estimates of
Amax for R = 0, 0.57, 0.96, and 1.34 deg are 1.5, 2.0, 2.3,
and 2.6 deg correspondingly (see Fig. 3). In this experiment
Amax strongly increases with increasing R (F = 93.1;
df = 3,12; p < .0001). The eﬀect is just the opposite of that
found in Experiment 1.
To conﬁrm the discrepancy between the estimates of
Amax in Experiments 1 and 2, we carried out Experiment3, in which R and A were again in opposite directions
and Amax was measured by a forced choice method.
5. Experiment 3
5.1. Stimuli and procedure
The lengths R = 0, 0.57, 0.96, and 1.34 deg were used in
this experiment, too. One single compound stimulus was
presented in each trial. The direction of the sum R + A
(to the left or to the right) was presented randomly. The
subjects had to report the direction of global translation
of the pattern. If they perceived two opposite motions, they
had to report the direction of the motion that dominated.
If only incoherent motion was seen they had to guess.
Each length R was tested separately. Having a ﬁxed R, a
TUD-staircase started with stimuli of large values of A, for
which the subjects could not identify global direction of
motion veridically. They either guessed (this always hap-
pened for R = 0 and very often for R = 0.57 deg) or they
responded anti-veridically on the basis of the direction of
R (this happened predominantly for R = 0.96 and
1.34 deg). After each incorrect, or anti-veridical, response
the length of A was decreased by one step of 0.19 deg
(1 mm), after three successive correct veridical responses
A was increased by the same step. The procedure lasted
for 60 presentations and resulted in about 10 reversals of
the staircase. For each length R two 60-trial blocks were
carried out. The value of Amax was estimated by averaging
the reversals of the TUD-staircase in the two blocks.
The same ﬁve subjects of Experiment 2 participated also
in Experiment 3.
5.2. Results
Again, the Amax strongly increased with increasing R
(F = 74.7; df = 3,12; p < .0001). The averaged results of
the ﬁve subjects are given in Fig. 3 (open squares). The esti-
mates of Amax obtained in Experiments 1 and 2 are also
plotted in Fig. 3. The results from Experiment 3 are quan-
titatively in keeping with those from Experiment 2, but at
odds with those from Experiment 1. The estimates of Amax
in Experiment 3 are somewhat higher than those in Exper-
iment 2. This outcome could be expected since neutral and
two-motion responses were not allowed in Experiment 3.
Experiments 1, 2 and 3 were carried out with a viewing
distance of 30 cm. In pilot experiments we noticed that,
having A somewhat above Amax, an increase of the viewing
distance resulted in drastic changes of the percepts. For
example, for R = 0 an increase of the viewing distance
results in the following. The percept of incoherent motion
of the dots immediately disappears and is replaced with a
percept of smooth translation of the whole pattern. More
interesting is the case with R and A in opposite directions.
With A > Amax and with short viewing distances, the pat-
tern is seen to move in the direction of R, i.e. in direction
opposite to R + A. An increase of the viewing distance
Fig. 4. Results from Experiment 4, in which the length R of real motion
was zero. The upper limit Amax (ordinate) is plotted for three viewing
distances (abscissa). The short-dashed line indicates distance-invariance,
the long-dashed line indicates Amax for constant visual angle. The inter-
individual standard deviations are given by the bars.
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the screen) immediately results in a reversal of the per-
ceived direction of motion. The pattern now is seen to
move in the direction of R + A. Thus, astonishingly
enough, by simply rolling the chair of the observer towards
or away from the screen the subjective direction of motion
can be reversed at wish.
Backer and Braddick (1982) have shown that dmax can
be expressed most consistently when measured in units of
visual angle. This means that a ﬁxed linear length of A
could be larger than Amax when the viewing distance is
short, but the same length A would be shorter than Amax
when the viewing distance is large. Correspondingly, the
perception of global motion would change with increasing
viewing distance in the same way as it does change with
decreasing length A. At least qualitatively, we observed just
that. However, data of Burt and Sperling (1981) and Lap-
pin and Bell (1976) suggest that the upper limit of the
short-range process is independent of the viewing distance.
To clarify the drastic eﬀect of the viewing distance on the
perceived global motion, in Experiment 4 we tested quanti-
tatively whether in our conditions of stimulation Amax does
indeed depend on the viewing distance.6. Experiment 4
6.1. Stimuli and procedure
The experiment was carried out only with R = 0. View-
ing distances of 30, 60, and 120 cm were tested. The same
procedure of estimating Amax as in Experiment 3 was used.
Horizontal motions with randomized physical direction
were presented and the subject had to indicate whether
the motion was to the left or to the right. The presentation
started with large lengths A that decreased by a 1 mm step
after an incorrect response and increased by the same step
size after three correct responses. Amax was estimated by
averaging about 20 reversals obtained in two blocks for
each viewing distance. Four male subjects participated.6.2. Results and discussion
The results are shown in Fig. 4. The length of Amax is not
constant, when measured in mm on the screen. It signiﬁ-
cantly increases with increasing viewing distance
(F = 696.3; df = 2,6; p < .0001). However, it is neither a
constant, when measured in degrees of visual angle. If the
angular size of Amax for 30cm would remain constant with
increasing viewing distance, the data points for the 60 and
120 cm distances should coincide with the long-dashed line
in Fig. 4. In any case, it is clear from the ﬁgure that the
direction of the pattern with a displacement A in the invis-
ible phase of 10–11 mm would not be identiﬁed when
viewed from 30 cm, since A would be above Amax of about
8 mm. Moving the observer 1 m away from the screen
would immediately result in 100% correct responses, sincethe same displacement of 10–11 mm would be much below
of Amax, which is about 13 mm for this viewing distance.7. General discussion
An upper limit Amax for the perception of apparent
motion was obtained in all experiments. For displacements
A < Amax the pattern is perceived to move predominantly
in the direction of the vector sum R + A. For A > Amax
noisy motion of the dots in direction of R is perceived.
These ﬁndings are in agreement with part (i) of our null
hypothesis formulated in the Introduction; they seem to
support the assumption of integration of real and apparent
motion in time.
However, Amax is aﬀected by the length and direction of
R in a rather puzzling way (Fig. 3). This ﬁnding casts seri-
ous doubt on the whole hypothesis. A possible explanation
of the discrepancy between the data from the diﬀerent
experiments in Fig. 3 might be that Amax was estimated
by two diﬀerent tasks, namely discrimination of speeds in
Experiment 1 and discrimination of directions in Experi-
ment 3. The data in Fig. 3 show that for R = 0, a value
of Amax is obtained by speed discrimination that is on aver-
age 0.4 deg lower than that obtained by direction discrim-
ination. Indeed, the task of discrimination of speeds seems
to be somewhat more diﬃcult; for some range of A the
direction discrimination may be rather good, whereas the
speed discrimination is impossible. However, the 0.4 deg
eﬀect of the task seems relatively small. It is rather unclear,
why it should increase up to about a 2.5 deg diﬀerence with
the largest R (the rightmost data points in Fig. 3).
To explain the discrepant results in Fig. 3 we refer to the
early works of Johansson (1950, 1994). Using his terminol-
ogy we consider the motion of a dot during the visible
phase (i.e. R) as a perceptual ‘‘motion event’’ irrespective
of the length and direction of the motion. The dot itself
Fig. 6. The same data set as in Fig. 2 (Experiment 2, R and A in opposite
directions), but plotted versus the start-to-start displacements of the
motion events for the four lengths R of the real motion (cf. inset). The
negative values on the abscissa correspond to A < R.
1462 S. Mateeﬀ et al. / Vision Research 47 (2007) 1455–1463is merely the ‘‘material’’ of the event (Johansson, 1994; p.
35–38). Our compound stimulus consists of a sequence of
such events that occur at successive positions. The global
direction of the pattern may be determined by a short-
range process that registers the displacements of the
motion events rather than the displacements of the dots
themselves. Note that no integration of the motion vectors
is assumed here.
Let us denote the vector of the displacement of each
motion event with D. The length D is given by the distance
from start to start or from end to end of the real motion
vector R in two successive visible phases rather than by
the end-to-start displacement A of a dot. Therefore,
D = R + A. When R and A are in the same direction
(Experiment 1), D = R + A. When R and A are in opposite
directions (Experiment 2 and 3) and A > R, D = A  R. By
replacing A with Amax in these two equations, a critical
upper limit Dmax can also be calculated for each R in
Experiments 1–3.
The data for Amax in Fig. 3 were recalculated to Dmax.
The results are shown in Fig. 5. The marked and puzzling
eﬀect of the length and direction of R on Amax almost dis-
appears when Dmax is considered. The data of Fig. 2 were
similarly recalculated and the results are shown in Fig. 6.
It is seen that the length of the start-to-start displacements
D of the motion events can represent the subjects’
responses much more uniformly than the end-to-start dis-
placements of the dots.
An overall estimate of Dmax of about 1.5 deg, or 8mm at
30 cm viewing distance, can be derived from Fig. 5. Exper-
iment 4 shows that Dmax increases from 8 to 13 mm when
the viewing distance increases from 30 to 120 cm. Therefore,
for R = 7 mm (or 1.34 deg) and D = 10 mm in the opposite
direction, the pattern would be seen to translate in the direc-
tion of D = R + A when viewed from 120 cm, since
D < Dmax. When viewed from 30cm, the apparent motion
of the motion events may not be seen, since D > Dmax A
noisy motion in the direction of R, i.e. opposite toD, wouldFig. 5. The data from Fig. 3 are plotted. Here the upper limit Dmax is
calculated as the critical start-to-start (or end-to-end) displacement of the
motion event in the visible phase.be perceived. This eﬀect of the reversal of subjective direc-
tion is quite impressive and suitable for demonstrations.
‘‘Motion event’’ is a psychological construct. It may not
be obvious on what kind of an early visual process it could
be based. However, there is a possible candidate. Recently it
has been shown that moving objects may induce ‘‘motion
streaks’’. During the visible phase, the dots of the pattern
should become smeared in space due to temporal integra-
tion. In this way a spatial signal, a motion streak or a speed
line, is created. These streaks may not necessarily be per-
ceived as streaks per se, but they may be used by the visual
system in the analysis of motion information. It has been
shown that their orientation may aid in determining motion
direction (Burr, 2000; Burr & Ross, 2002; Geisler, 1999;
Matthews & Allen, 2005). We suggest that motion streaks
may be also involved in other visual functions, in particular
in the perception of global motion of the compound stimu-
lus in this study. Motion streaks may aid to interpret the vis-
ible phase as a whole entity—amotion event. It may be even
reasonable to speculate that motion streaks and motion
events are identical. Provided that their displacement is
shorter than Dmax, the streaks should be always seen in
apparent motion in the physical direction irrespective of
the length and the direction of the real motion.
In conclusion, we suggest that the motion signals
extracted from the visible and the invisible phase of a com-
pound motion stimulus may not be integrated at all. Two
early visual processes may be suﬃcient that the pattern as
a whole is perceived to move in the physical direction: (i)
occurrence of motion streaks in the visible phases, and
(ii) a short-range process that analyzes the displacements
of the motion streaks in time. When the displacement of
the motion streaks is shorter than Dmax, the upper limit
of the short-range process, the observer sees jittering dots
that are moving en masse in the physical direction of
motion. This percept is approximately the same irrespective
of the direction and the length of the real motion. When the
displacement of the streaks is larger than Dmax, no appar-
S. Mateeﬀ et al. / Vision Research 47 (2007) 1455–1463 1463ent motion can be seen. Depending on the length of the real
motion in the visible phase, either a percept of incoherent
motion dominates, or the global direction is determined
on the basis of the direction of the real motion.
Acknowledgments
This study was supported by Grant 436 BUL 113/140 of
the Deutsche Forschungsgemeinschaft, Germany and
Grant L 1516/2005 of the National Science Fund in Bul-
garia. We are very thankful to Matthias Bonacker and
Ludger Blanke from the Leibniz Research Centre for
Working Environment and Human Factors in Dortmund,
Germany, for constructing the apparatus and preparing the
software. We also thank John Ross for some fruitful ideas
concerning this study.References
Atchley, P., & Andersen, G. J. (1995). Discrimination of speed distribu-
tions: sensitivity to statistical properties. Vision Research, 35,
3131–3144.
Backer, C. L., Jr., & Braddick, O. J. (1982). The basis of area and dot
number eﬀects in random dot motion perception. Vision Research, 22,
1253–1259.
Braddick, O. J. (1974). A short-range process in apparent motion. Vision
Research, 14, 519–527.
Braddick, O. J. (1980). Low level and high level processes in apparent
motion. Philosophical Transactions of the Royal Society London, B,
290, 137–151.
Braddick, O. J. (1997). Local and global representations of velocity:
transparency, opponency and global direction perception. Perception,
26, 995–1010.
Burr, D. C. (2000). Are ‘speed lines’ used in human visual motion? Current
Biology, 10, R440–R443.
Burr, D. C., & Ross, J. (2002). Direct evidence that ‘‘speedlines’’ inﬂuence
motion perception. Journal of Neuroscience, 22, 8661–8664.
Burt, P., & Sperling, J. (1981). Time, distance and feature trade-oﬀs in
visual apparent motion. Psychological Review, 88, 171–195.
Casco, C., & Morgan, M. (1987). Detection of moving local density
diﬀerences in dynamic random dot patterns by human observers.
Perception, 16, 711–717.
Cropper, S. J. (2000). Local and global motion signals and their
interaction in space and time. In J. M. Zanker & J. Zeil (Eds.),Motion vision. Computational, neural and ecological constrains. New
York: Springer-Verlag Berlin Heidelberg.
De Bruyn, B. (1995). Asymmetric spatial distributions of motion vectors
yield characteristic errors in spatial judgements. Vision Research, 35,
1541–1545.
Fredericksen, R. E., Verstraten, R. A. J., & van de Grind, W. (1993).
Spatio-temporal characteristics of human motion perception. Vision
Research, 33, 1193–1205.
Fredericksen, R. E., Verstraten, R. A. J., & van de Grind, W. (1994).
Spatial summation and its interaction with the temporal integration
mechanism in human motion perception. Vision Research, 34,
3171–3188.
Geisler, W. S. (1999). Motion streaks provide a spatial code for motion
direction. Nature, 400, 65–69.
Gregory, R. E., & Harris, J. P. (1984). Real and apparent motion nulled.
Nature, 307, 729–730.
Hiris, E., & Blake, R. (1995). Discrimination of coherent motion
when local motion varies in speed and direction. Journal of
Experimental Psychology: Human Perception and Performance., 21,
308–317.
Johansson, G. (1950). Conﬁgurations in event perception. An experimental
study. Uppsala: Almqvist & Wikssels.
Johansson, G. (1994). Conﬁgurations in event perception. In G. Jansson,
S. S Bergstro¨m, & W. Epstein (Eds.), Perceiving events and objects.
Hillsdale NJ: Lawrence Erlbaum Associates.
Lappin, J. S., & Bell, H. H. (1976). The detection of coherence in moving
random dot patterns. Vision Research, 16, 161–168.
Levitt, H. (1979). Transformed up-down method in psychoacoustics.
Journal of the Acoustical Society of America, 49, 467–477.
Mateeﬀ, S., Dimitrov, G., & Hohnsbein, J. (1995). Temporal thresholds
and reaction time to changes in velocity of visual motion. Vision
Research, 35, 355–363.
Matthews, N., & Allen, J. (2005). The role of speed lines in subtle direction
judgements. Vision Research, 45, 1629–1640.
Smith, A. T., Snowden, R. J., & Milne, A. B. (1994). Is global motion
really based on spatial integration of local motion signals? Vision
Research, 34, 2425–2430.
Todd, J. T., & Norman, J. F. (1995). The eﬀects of spatiotemporal
integration on the maximum displacement thresholds for the detection
of coherent motion. Vision Research, 35, 2287–2302.
Watamaniuk, S. N. J., & Duchon, A. (1992). The human visual
system averages speed information. Vision Research, 32,
931–941.
Williams, D. W., & Sekuler, R. (1984). Coherent global motion percepts
from stochastic local motions. Vision Research, 24, 55–62.
Zohary, E., Scase, M. O., & Braddick, O. J. (1996). Integration across
directions in dynamic random dot displays: vector summation or
winner take all? Vision Research, 36, 2321–2331.
